We investigate the photometric variability of neutron stars accreting through a magnetic Rayleigh-Taylor-type instability at the disk-magnetosphere interface, and compare it with the variability during stable accretion, with the goal of looking for possible quasi-periodic oscillations. The lightcurves during unstable accretion are generally chaotic. They often show signs of quasi-periodic variability, but sometimes lack pulsations altogether. The power spectra are noisier than during stable accretion, with the result that the fractional rms amplitudes of the fourier peaks are smaller.
INTRODUCTION
Accretion to magnetized stars occurs in different systems, including classical T Tauri stars (CTTSs), which are the progenitors of solar-type stars (e.g., Bouvier et al. 2007) , in magnetized cataclysmic variables, which are accreting white dwarfs (e.g., Warner 1995) , and in millisecond pulsars, which are weakly magnetized accreting neutron stars (e.g., van der Klis 2004) . The lightcurves of these stars are expected to show definite periodicity corresponding to the star's rotation period, but in addition to this they often show interesting features like quasi-periodic oscillations (QPOs), or lack any periodicity altogether. The reasons for this behaviour are not yet perfectly clear. The lack of periodicity in many CTTSs was thought to be due to the lack of a dynamically important magnetic field, but recent observations have shown that that is not the case (e.g., Donati et al. 2007 ). QPO models in neutron star systems usually attempt to look towards characteristic frequencies in the disk, and their beats with the stellar rotation frequency, for explanations (van der Klis 2004) . The variability characteristics of dwarf novae, which are cataclysmic variables, show close similarity to those of neutron stars (Warner et al. 2003) . These observations hint at a common explanation for the variability features in these systems, perhaps based on the properties of the accretion flow itself. E-mail: akshay@astro.cornell.edu † E-mail: romanova@astro.cornell.edu This leads us to investigate the effect of the accretion flow on the variability.
Accretion to magnetized stars can be in one of two regimes: (i) the stable regime, in which the accretion disk is stopped by the star's magnetic field, and the accreting matter flows around the magnetosphere, forming two funnels that deposit matter near the star's magnetic poles (Ghosh & Lamb 1979; Königl 1991; Koldoba et al. 2002; Romanova et al. 2003 , or (ii) the unstable regime, in which RayleighTaylor-type instabilities occur at the disk-magnetosphere interface (Arons & Lea 1976; Elsner & Lamb 1977; Wang & Robertson 1985) . The instabilities produce tongues of matter that penetrate the magnetosphere and deposit matter much closer to the star's equator Kulkarni & Romanova 2008, hereafter KR08) . In KR08 it was noticed that the lightcurves during unstable accretion lack the definite periodicity seen in the lightcurves during stable accretion (see, e.g., Poutanen & Gierliński 2003; Kulkarni & Romanova 2005 ). Here we investigate this behaviour in more detail in accreting millisecond pulsars. Our goal is to look for signs of QPOs in the unstable regime.
KR08 also found that the instability is suppressed at high misalignment angles between the star's rotation and magnetic axes. Here we perform a detailed investigation of the boundary between stable and unstable regimes as a function of the misalignment angle and stellar rotation rate.
We start out with a description of our variability model in §2. This is followed in §3 by a comparison of variability features during stable and unstable accretion, including a dis-
4.3 × 10 7 Table 1 . Sample reference values of the dynamical quantities for neutron stars used in our simulations.
cussion of the transition between stable and unstable regimes when the accretion rate or misalignment angle is varied. In §4 we turn to investigation of the regimes of stability in the misalignment angle-stellar rotation rate parameter space. We end in §5 with a discussion of the implications of this work for observations of accreting millisecond pulsars.
THE VARIABILITY MODEL
The reader is directed towards KR08 for a complete description of our 3D MHD simulation model and reference values.
Here we only list the reference values for the dimensionless quantities shown in this work (Table 1) . We calculate lightcurves from the accretion hotspots on the neutron star surface, taking into account the general relativistic effects of light bending and gravitational redshift, and the Doppler effect. Light travel time effects are negligible and are not taken into account (Poutanen & Gierliński 2003; Kulkarni & Romanova 2005) . To calculate the emission from the hotspots, we integrate the emitted flux over the star's surface, using the method described by Kulkarni & Romanova (2005) . The observed flux is then given by
Here, primed and unprimed quantities are measured in the star's and observer's rest frames respectively. R and rg are the star's radius and Schwarzschild radius respectively. For a point on the star's surface rotating with velocity v, β ≡ v/c and γ ≡ (1 − β 2 ) −1/2 . IE is the frequency-integrated specific intensity of the emitted radiation. Finally, α is the angle between the local radial direction and the direction in which a light ray needs to be emitted so as to reach the observer, taking light bending into account.
We now assume that the entire kinetic and thermal energy of the matter falling onto the star's surface is converted into blackbody radiation, which is emitted isotropically. Then the flux emitted from the star's surface is
giving,
Before performing the variability analysis, one more thing needs to be done. Fig. 1 shows the hotspot lightcurve from one of our simulations. Periodic variability is clearly seen superposed on a slowly varying background. The variation of this background depends on the long-term behaviour of the disk in our simulations. However, this is not of interest for the short-term variability considered in the present work. We therefore smooth the lightcurve to obtain the background and subtract it from the lightcurve before analyzing the variability. This makes the short-term variability much clearer. In all subsequent figures, we show only the subtracted lightcurves. We estimate the pulsed fraction of the emission using an approximate value for the background lightcurve flux in the steady state. We show dimensionless values for all quantities in this work. To convert them into physical units, they need to be multiplied by the reference values listed in Table 1 . In particular, the values of time are in units of the reference value of time, and not of the stellar rotation period, since we consider stars with different rotation rates. The observer inclination angle varies from 0
• at the north rotational pole of the star to 90
• in the equatorial plane. For context, we quote here from KR08 the critical accretion rate, measured at the neutron star surface, separating the stable and unstable accretion regimes:
where B, R and M are the surface magnetic field, radius and mass of the star respectively. The characteristic critical accretion rateṀcrit,0 depends on the magnetospheric radius, which is set by the dimensionless value of the stellar magnetic dipole moment µ and is (4-5)R for µ = 2 and (2-3)R for µ = 0.5, with corresponding values of 2.2 × 10 −9 M yr −1 and 1.8 × 10 −8 M yr −1 respectively forṀcrit,0.
VARIABILITY IN THE STABLE AND UNSTABLE REGIMES

Stable accretion
In the stable regime, the funnels produce two antipodal hotspots near the star's magnetic poles. The funnels are steady, and therefore the hotspots are almost fixed on the star's surface Kulkarni & Romanova 2005) . Depending on the misalignment and inclination angles, either one or both antipodal hotspots can be seen by the observer during each rotation of the star. Correspondingly, the power spectrum shows peaks at either ν * , 2ν * or both. 2 shows the lightcurve and its fourier and wavelet spectra for one of our stable accretion cases. The misalignment angle Θ = 15
• , and the observer inclination angle is i = 15
• . In this case, as the star rotates, only the northern hotspot is visible to the observer. So the hotspot lightcurve is rotationally modulated at the star's frequency. As the wavelet shows, there is no drift in the pulsation frequency. The fractional rms amplitudes are small because the hotspots are near the rotational axis, and also due to general relativistic effects (Poutanen & Gierliński 2003; Kulkarni & Romanova 2005) . Fig. 3 shows another stable accretion case, with Θ = 30
• and i = 45
• (second column). For this accretion geometry, the frequencies ν * and 2ν * are both visible. If the inclination angle i = 90
• , only 2ν * is seen (Fig. 3 , third column). One thing that needs to be noted, though, is that even in this relatively simple accretion geometry, it is not always straightforward to guess if the power spectrum will have peaks at ν * or 2ν * . Firstly, the hot spots are not exactly at the magnetic poles; rather, they are banana-shaped and surround the pole. Secondly, in neutron stars, due to gravitational bending of light, more than half the star's surface is visible, causing the hotspot on the far side of the star to be visible either for some or all stellar rotation phases ( Fig. 4 ; see also Beloborodov (2002) ; Poutanen & Gierliński (2003) ; Kulkarni & Romanova (2005) ). Thirdly, the two antipodal hotspots are not always identical, although this is relatively rare ( Fig. 5 ; identical spots would have appeared as mirror images of each other here), in which case the fundamental frequency is ν * and not 2ν * , even at high observer inclination angles. 
Unstable accretion
As we move into the unstable regime, we pass through a marginally unstable regime, in which accretion occurs through both funnels and tongues. The hotspots become more chaotic (Fig. 6) . The funnel component of the hotspots still produces a peak at the star's frequency in the lightcurve, but it is not as steady as in the stable case. The power spectrum shows additional peaks produced by the tongue component of the hotspots. These frequencies appear only sporadically, though, as the wavelet shows. This is because of the stochastic nature of the tongues.
In the unstable accretion case (Fig. 7) , the hotspots are created entirely by tongues. Therefore, their shape, intensity, number and position changes on the inner-disk dynamical timescale. The star's frequency is absent from the power spectrum, and the fourier and wavelet spectra are very chaotic.
Transition from the stable to the unstable regime:
effect of the accretion rate
The accretion rate, controlled by the viscosity parameter α, is the most important factor determining the accretion stability -high accretion rates favour the instability. Fig. 8 shows the wavelet and fourier spectra and hotspots for various cases that differ only in the value of α. At α = 0.02, the accretion is stable, and the lightcurve has a peak at the star's frequency (the peak at half the star's frequency is due to wandering of the hotspot itself, and is a separate issue). As we move to α = 0.03, we start getting closer to the unstable regime. The wavelet spectrum shows the peak at the star's frequency beginning to waver. This wavering is due to slight wandering of the funnel stream induced by the instability, although the instability is not strong enough to produce tongues at this stage. At α = 0.04, the accretion is marginally unstable, and the peak near the star's frequency is not steady; it is seen to drift between ν/ν * = 0.7 and ν/ν * = 1.3. The fourier spectrum still shows a peak at ν/ν * = 1.0, but it is much broader and the spectrum has much more noise than in the stable accretion cases. Notice that the hotspot in this case has a bananashaped portion produced by the funnels, and features protruding from the banana, which are created by tongues. The tongues, and hence these protrusions, rotate faster than the star, producing the high-frequency peaks at ν/ν * = 2.5 − 2.7 seen in the wavelet. There are two prominent protrusions, and they survive for a long time, rotating with an almost constant frequency. This is very commonly seen in the marginally unstable cases. As we move to higher accretion rates, we see that the noise in the fourier spectra continues to increase, and hints of peaks at other frequencies start appearing. Finally, at α = 0.2, the star's frequency disappears, and the fourier spectrum is dominated by other frequencies. At α = 0.3, it is difficult to discern any peaks in the fourier spectrum. Observationally, this would correspond to lack of pulsations. This is important because even during unstable accretion, the star has a welldefined magnetosphere. Thus, lack of pulsations does not au-tomatically imply a dynamically unimportant stellar magnetic field. We discuss this further in §5.
The case with α = 0.08 is a conspicuous exception to this trend. Accretion is solely through tongues, and the star's frequency is absent. It is not clear why this is so.
Transition from the stable to the unstable regime: effect of the misalignment angle
At high misalignment angles Θ the instability is suppressed. Fig. 9 shows the effect on the power spectrum of increasing Θ, which is similar to decreasing the accretion rate. At small Θ the accretion is through both funnels and tongues. The peak at the star's frequency is visible, but the power spectrum is noisy. As we go to higher Θ, the hotspots become more regular and the noise decreases. Notice the high harmonic content of the power spectrum for Θ = 60
• . This is due to the fact that the hotspot departs sighificantly from the banana shape that it takes for smaller misalignment angles. Fig. 10 shows some more cases with interesting frequency drifts. The most interesting of these is the case in the top row, which has the same parameters as in our main case (shown in Fig. 9 , top row), except for a very small magnetospheric radius (rm/R * = 2). The accretion is unstable, and since the inner-disk orbital frequency is higher, the tongues rotate at a much higher frequency than in the main case. This produces peaks at very high frequencies in the power spectrum. The interesting thing about unstable cases with weak magnetic fields is that the behaviour of the tongues is noticeably different. There are usually two tongues, and they rotate almost rigidly with an almost constant angular velocity (Fig. 11) . It must be pointed out, however, that the matter in the tongues does not rotate rigidly -it is only the pattern of gas flow that does. We discuss accretion to weak magnetospheres elsewhere .
More sample cases with drifting frequencies
The second row of Fig. 10 shows another marginally unstable case. This again has two tongues that persist for a long time, rotating faster than the star with an almost constant angular velocity, like in the case with α = 0.04 described in §3.3. The third row of Fig. 10 shows an interesting phenomenon -the instability exists only between t = 7 and t = 14. It is only during this period that the star's frequency is absent from the wavelet spectrum.
It must be emphasized, however, that we do not always see such frequency drifts. The cases shown in this and the preceding sections are meant only as examples of interesting behaviour in the frequency domain.
Search for explanation of frequencies
We tried to find an explanation for the various frequencies during unstable accretion shown in the preceding sections, by tracking the motion of the hotspots on the star's surface. The hotspots produced by the tongues rotate approximately around the star's rotational pole, so we plot the flux emitted from the star's surface at a fixed rotational latitude, as a function of longitude and time. (Fig. 12) shows one such plot for our main case with α = 0.2, which is strongly unstable. The diagonal streaks in this plot are produced by the hotspots, and the slopes of the streaks give the angular frequency of rotation of the spots. The plot shows some sample frequencies as would be seen by an observer. These frequencies are determined by the orbital angular velocity in the inner disk region, and may be expected to change on long timescales if there are secular changes in the inner disk radius.
However, we do not find these frequencies in the wavelet and fourier plots for the same case (Fig. 8, second row from bottom). We believe this is due to the following reasons: (1) The hotspots produced by the tongues appear and disappear sporadically, and many of them are very short-lived; they do not complete even one rotation around the star (as seen by an external observer). (2) There is no correlation between the locations or motion of different spots. (3) The shape and brightness of the spots constantly changes. Due to these factors, the spots do not produce a coherent modulation of the observed flux. In fact, lack of coherent modulation, which consists of effects like rapid amplitude and phase changes, or "jumps" in the lightcurve, might produce short-duration peaks in the wavelet and fourier spectra if the duration of the lightcurves is short, as in our simulations (∼ 10 stellar rotation periods). Such peaks would not be present in power spectra of longer duration lightcurves which would thus completely lack pulsations. However, the wavelet plots in the preceding sections do show some persistent, slightly drifting frequencies, associated with wandering of the funnels, and also probably with a certain set of tongues persisting for a long time and rotating with an approximately fixed angular velocity. With longer duration lightcurves, these persistent frequencies would be expected to QPOs (see also Li & Narayan 2004) . The short-duration peaks would be expected to contribute to broadband noise in the power spectrum. The effect of this would a smaller relative amplitude of the peak at the star's frequency than in the stable case.
DEPENDENCE OF THE INSTABILITY ON THE MISALIGNMENT ANGLE
In order to find the dependence of the instability on the star's misalignment angle, we performed a range of simulation runs for different values of the misalignment angle Θ, the stellar rotation period P and the α-viscosity. We chose the stellar magnetic moment to be µ = 1, and the grid resolution to be 120 × 51 2 in all these runs. Fig. 13 shows the results for α = 0.02. The instability shuts off at a critical misalignment angle Θcrit which depends on the rotation rate. We see that for P 1.7, Θcrit < 0; the instability does not appear at all. This is in spite of the accretion being relatively far from the propeller stage; P = 1.8 corresponds to a corotation radius of rcor = 1.6, while the magnetospheric radius in these cases is rm = 1.2. For lower stellar rotation rates (P ≥ 1.7), we did not find any stably accreting cases for the parameter ranges investigated.
A note about the classification of cases as stable and unstable is in order. At high misalignment angles (Θ 30
• ), the funnels are always present. In this situation, in the marginally unstable cases, the tongues have low density, and are restricted to being under the edges of the funnels, due to which the funnels appear to be "connected", as Fig. 14 shows. This connection appears and disappears stochastically. As we attempt to move into the strongly unstable regime (by either increasing the accretion rate or decreasing the star's rotation rate), the connecting tongues increase in density and become permanent. The magnetic field lines near the edges of the funnels are pried apart by these tongues and stay in that configuration, creating a new equilibrium configuration with a stable accretion flow, albeit partially inside the magnetosphere. Due to this behaviour it is difficult to classify these cases as stable or unstable. From the point of view of observations, however, the important thing is whether or not the lightcurves show periodicity at the star's frequency without noise in the wavelet spectra, as for the case with α = 0.02 shown in the top row of Fig. 8 . Therefore, this is the criterion we use to classify cases as stable or unstable in Fig. 13 .
CONCLUSIONS AND DISCUSSION
We find that lightcurves during unstable accretion are generally more chaotic than those during stable accretion. The lightcurve power spectra during stable accretion usually show a peak at the star's frequency or twice that, depending on the misalignment angle and the viewing geometry. These peaks are due to the presence of the antipodal funnels and hotspots. At large misalignment angles the hotspots are not symmetric around the magnetic poles, and this produces higher harmonics of the stellar rotation frequency in the lightcurve. In contrast, lightcurves associated with strongly unstable accretion show possible signs of QPOs in the form of drifting frequencies in their power spectra. There is a marginally unstable regime of accretion in between these two extremes, where both funnels and tongues are present, and the power spectra are noisier than in the stable cases. The result of this is a reduced fractional rms amplitude for the pulsations. If longer simulations are performed, some of the persistent drifting frequencies observed during unstable accretion may be expected to average out and produce QPOs, and the noise in the power spectra may contribute to broadband noise. The frequency drifts seem to be related to wandering of the funnels and to the stochastic behaviour of the tongues, and the angular frequencies of the tongues and the wandering funnels is influenced by the inner-disk orbital angular frequency. Secular variations in the frequencies due to corresponding variations in the inner disk radius may therefore be expected.
Some of our unstable accretion cases do not show such persistent frequency drifts. These cases may correspond to accreting pulsars without any pulsations. Since unstable accretion occurs at relatively high accretion rates, the above results have a few implications: (1) If the accretion rate is close to the boundary between stable and unstable regimes, then slight changes in the accretion rate can cause the accretion to episodically switch between stable and unstable, causing corresponding appearance and disappearance of pulsations. This might be a possible explanation for the behaviour of intermittent pulsars (e.g., Altamirano et al. 2008; Casella et al. 2008) . One of the attractive features of this idea comes from the fact that during stable accretion, the azimuthal location of funnels with respect to the star is fixed, even across periods of unstable accretion. The pulsations in intermittent pulsars would therefore be expected to be coherent in phase across periods of lack of pulsations. This "phase memory" has been observed in the intermittent pulsars mentioned above. (2) Lack of pulsations does not imply a dynamically important magnetic field. The most strongly unstable cases shown in this work lack pulsations in their lightcurves, but have distinct magnetospheres that strongly affect the matter flow around the star. The magnetic moment in these cases is stronger by a factor of ∼ 20 than in cases that show field burial . Field burial is an argument that is often advanced as an explanation for the paucity of accreting millisecond pulsars. The unstable regime complements this argument by providing another way for pulsations to be absent.
